Abstract-This letter presents a dual-band bandpass filter (BPF) using interdigital coupling lines with a new defected ground structure (DGS) pattern. Traditional DGS structures are mainly used to realize wide bandstop characteristics. In this letter, by introducing a pair of coupling stubs in the aperture of the DGS, a narrow passband can be achieved within a wide stopband, so a dual-band bandpass filter can be implemented. An equivalent circuit model is derived to describe the filter. And the circuit simulation result agrees well with the EM simulation one. The position and bandwidth of the two passbands can be designed and adjusted independently. In order to verify the theory, a dual-band bandpass filter is designed, fabricated and measured. The simulated and measured results are in good agreement.
INTRODUCTION
There has been growing interest in wireless communication systems operating in multi-bands. Dual-band bandpass filters especially have attracted many researchers. References [1, 2] outline the direct design methods for a dual-band band pass filter. In [1] , two filters operating at different frequency bands are combined with common input/output ports. In [2] , transmission zeros are used to separate the singlepassband filter into a dual-passband. However, these methods increase the complexity of the filter design process and the overall size of a filter circuit.
Defected ground structure (DGS) is a kind of transmission line combined with periodic or non-periodic apertures etched in the ground plane. Because of the bandgap and slow wave characteristics, DGS is usually used in lowpass filters [3] . Bandpass filters are composed of cascaded lowpass and highpass filters [4] , or used to suppress higher order harmonics in lowpass or bandpass filters [5] .
In this letter, a novel DGS structure is proposed. Firstly a traditional DGS with interdigital coupling lines structure (i.e., filter A) is designed to achieve a single passband and wide stopband characteristic. Then by introducing a pair of coupling stubs in the aperture of the DGS (i.e., filter B), a narrow passband can be realized in the stopband. Finally, a dual-band bandpass filter is realized by cascading two filters B. The bandwidth and position of the two passbands can be adjusted independently. In order to validate the theory and design procedure, a dual-band bandpass filter with passband 2.85-4.75 GHz and 8.65-8.95 GHz was designed, fabricated and measured. The simulated and measured results are in good agreement. Figure 1 shows the basic structure of a bandpass filter composed of DGS and an interdigital coupling line. We call it filter A in this letter. This filter has a single passband property because of the lowpass characteristic of the DGS and highpass characteristic of the interdigital coupling line. Filter A is simulated using commercial software IE3D. The simulated result is shown in Fig. 2 . In the simulation, the substrate used is RT Duroid 5880 with relative permittivity 2.2 and thickness 0.508 mm.
DESIGN PROCEDURE
In order to study the filter in a more accurate manner, an equivalent circuit is derived. The topology and parameters of the equivalent circuit are shown in Fig. 3 . The circuit parameter extraction method is described below. The defected ground structure can be modeled by a parallel LC resonant circuit. The parameter extraction procedure was described in [6] . The parameters of capacitor C 1 and inductor L 1 of the parallel LC circuit can be calculated by Equations (1) and (2) . In these two equations, Z 0 is the terminal impedance, and ω c and ω 0 denote cut off radian frequency and attenuation pole radian frequency, respectively, which can be obtained from the EM simulation result. The effect of the interdigital coupling line is represented by a series capacitor C 2 in the equivalent circuit. The capacitance can be calculated from Equation (3) [7] . In this equation, l is the length of coupling line and n the number of fingers. The circuit simulation result is depicted in Fig. 2 and compared with the EM simulated one.
From the equivalent circuit, it can be discerned that the lower stop frequency of the passband is mainly determined by the capacitance of the interdigitated coupling line and the higher stop frequency mainly determined by the dimensions of DGS. Consequently, the position and bandwidth of passband can be readily tuned by adjusting these parameters. Figure 4 shows the simulated S 21 in different situations. Fig. 4 (a) displays the trend of S 21 when increasing the number of coupling fingers of the interdigital line while keeping the DGS dimensions unchanged. Fig. 4(b) plots the S 21 curves for different widths of DGS while the number of coupling fingers of interdigitated line remains the same. One can notice that when the number of fingers is increased, the lower stop frequency decreases due to the increment of capacitance of C 2 in the equivalent circuit, and at the same time, the higher stop frequency remains essentially unchanged. When the width of DGS is increased, the cut off frequency of the parallel resonant circuit in equivalent circuit decreases, and because C 2 has same value, the lower stop frequency does not change significantly. So the position and bandwidth can be tuned flexibly by changing the capacitance of the interdigital coupling transmission line and dimensions of DGS. From Fig. 2 . It can be seen that the bandpass filter shown in Fig. 1 has a single passband and a wide stopband characteristic. In order to achieve the second passband, a modified DGS pattern can be used, as shown in Fig. 5 .
In this structure, a pair of coupling stubs is added in the center of the DGS vertically. The width of one stub is S w , the gap between two stubs S g , and the coupling length S l . The new filter with modified DGS structure is named filter B in this letter. This structure was simulated by IE3D, and the result is shown in Fig. 6 . The parameters of the new filter are the same as the one presented in Fig. 1 excluding the coupling stubs.
From the simulation result depicted in Fig. 6 , it can be seen that the second passband appears at 8.8 GHz because of a transmission pole introduced by the coupling stubs. The position of the second passband depends on the length of the coupling stubs S l , so it can be adjusted by changing the length. Fig. 7 shows the simulated S 21 with different S l .
SIMULATION AND MEASUREMENT RESULTS
In order to verify the design procedure and simulation results shown above, a dual-band bandpass filter formed by cascading by two filters B was designed, fabricated and measured. The schematic is shown in Fig. 8 . Only the parameters of the transmission line between the two filter sections are labeled, and other parameter values can be found in Fig. 1 and Fig. 5 . A photograph of the fabricated filter is shown in The substrate used has a relative dielectric constant of 2.2 and thickness 0.508 mm. Furthermore, the size of the filter can be made more compact by truncating the size of the ground plane without significant effect. Fig. 9(c) is the simulated and measured results of the proposed dual-band BPF, and good agreement between them is observed. The 3 dB passband covers the range of 2.85-4.75 GHz and 8.65-8.95 GHz. The minimum insertion loss is −0.4 dB while the maximum return loss is −16 dB within the first passband. Likewise, within the second passband, the minimum insertion loss is −1.7 dB while the maximum return loss is −15 dB.
CONCLUSIONS
A novel structure is developed for the dual-passband BPF in this letter. By introducing a pair of coupling stubs in the aperture of DGS, a second passband can be achieved. The bandwidth and position of the two passband can be adjusted independently. In order to verify the simulation result, a prototype BPF was fabricated and measured. The measured and simulated results are in good agreement.
